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SPARK-TIMhTG CONTROL BASED ON CORRELATION OF MAXIMUM-ECONOMY SPARK
TIMING, FLAME-FRONT TRAVEL, AND CYL~TDER-PIU!WrURE IUSE

By Hnmi A. CooK, Ommm E. HEINCKE, ant WDLIAM H. HAYXIE

SUMMARY

conducted on a full-scale air-cooled
ekylinder in order to establish an ejfecfice meuns of rnainfair~-
iilg maz=imum-economy spark timing with Lwlying engine
operating conditions. ~ariable fuel-a i?-rafio runs were con-
dr~cted in whi~h I’e7ations were determined between the spark
timing and fii.e hu%ic~ac=forsin engine operu.fion, flarrie-f rent
tra uel. and cylinder-p W.Mure rise.

Data ohfuined in fjizl in cestigafion showed that muzim um-
ewnor[[y SpC/Pktiming oceurmd when the crank angle o~ t[wzi-
muni rafe oj pre.w[re r+.%euw.f 3°.4. T. C. and fkzt fhe crarih
angle of maximum rate of pressure rise and tra rel of the
flame f~onf were directly related. For fuel-air rafios bei!ween
().w arid (7.1(7,fhe highe.yf rufe of flume tra re[ occurred when

the eranh angle of mazimum rafe of pressure rise was 3°
A. T. C. The preriowly mentioned relafions are signijfcant
in fuel or engine inresfigations in which engirw operating
rrlriablcs a~ect the spark fim ing for ,m-.azimwrrfuel economy.

.-1n ins frwnerit for contro7Zing spark timing wa.~de ~e[oped
tttat automatically maintained mazimu,m-econorny spark
fin~ing with vurying engine operafing conclifions-. The in-
.Ytrwmenf also inc[icatecl fhe occurrence of preignition.

INTRODUCTION

The mzln factors that are considered in the selection of
the spark timing for an engine are fueI economy and knock-
limited performance. The maximum fuel-economy spark
timing becomes relatively more sigmifieal~t w-hen the knock-
Iimit ed performance of the fuel is increasecl. Engines with
z fixecl s-park timing are often operatecl under conditions
where a more advancecl spark timing KOUILIgire a con-
siderable improvement in fuel economy. For this reason,
means of varying the spark timing are sometimes used buf
even then the selection of the best spark timing -with -rarying
engine operating conditions is a problem.

In this in-restigation conducted at the XACA Cle-reland
Iabovatory in 19464?, reIations between the spark timing ancl
the basic factors in engine opemtion (flame-front traveI znd
c~-Iil~cler-press~lre rise) mere determined in orcler to establish
an effective means of nmintatiing maximum-economy spark

timing with varying engine operating conditions.
The application of the findings in this in_restigation affords

a convenient means of automat ic:ll Ieymaintaining maximllm-

economy spark timing with varying engine operating condi-
tions. An automatic spark-timing-control instrument is
described in the appendix. .—

APP.JLRATUS-ND PROCEDURE

A full-scale air-cooIecl cylincler -s-as used in the CUE setup
described in reference 1. The crank angle of maximum rate
of pressure rise 6, was memnmecI on a cliagram of time und
rate of pressure change procluced on an oscilloscope by the
siawal from a magnetostriction knock pickup in the cylinder
heacl. Timing marks were procluced on the oscilloscope by
means of electric impuIses generzted in a pair of coiIs
mounted on a carriage nexr the fIywheel. The coils had a
common nmgnetic circuit comprised of soft iron cores, a
permanent mag~etl and an air gap. Steel lugs projecting
from the periphery of the flywheeI passecl through the air
gap. The carriage for mounting the coils tral-eled on a seg-
ment of circular track, which was concentric with the fly-
wheeI. A pointer on the carriage iudicatecl the angular posi-
tion of the coils relati~-e to engine top dewl center. Me~t!re-
ment of 9, consisted in mm-ing the carriage mntil a timing
mark coincided -with the peak on the oscilloscope cliagram,
-which indicated the maximmn rate of pressure rise.

A spark-contro]installment described in the appendix -was
used. The spark timing was manual]y controlled in runs
where fl, was heId constant. Automatic control of spark
timing was used in runs where the cmnk angle of passage of
the ilune front past an ionization gap -was held com=tant.

The ionization gap consisted of a spark p]Llg that was

moclified by extending the electrodes to form a gap 0.025 inch
wicle about ?S inch inside the combustion chamber. J?Then
the ionization gap was used, the knock pickup was removed
from the cylinder head ancl the modified spark plug was
mounted in its pIace. The hole for mount ing the hock
pickup mcl the ionization gap was locatecl in fronL of the
cylincler midway between the front spark plug and the intake
Yalve.

The ignition system for the engine was so connected that
the magnetos for the front and rear spark plugs operated on
one set of primary-circuit contact points. Therefore: the
spark timing for the front ancl rear spark plugs mm the same.

A series of -wriable fuel-air ratio, constant. air-flow runs
was conducted with the spark timing manualIy acljusted to
maintain 6, constant at 3“ B. T. C.: 3° A. T. C., 11° A. T. C.,
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and 15° A. T. C!, A seconc] series of variable fuel-air ratio?
col~stant air-flow runs was conducted with the spark-timing-
cwntrol instrunlenL set to maintzin constant the crank angle
at which the fkune front passecl the ionization grip. Iu the
second series of rLms. the iustrmnent was set to give the
same spark tinliigs at a fuel-air ratio of 0.085 as were founcl
in the first series of rLms.

04 .06 .08 Jo ./2 .04 .05 .09 .[0 ./2

(U)

(b)

Fuef-ok- ratio

Spark timing mmuaIly controlled for constant crank angle of nwximum

rate of pressure rise 8,.

Spsrk timing automatically controlled for constant cr&nk angle of passage
of flame front at ionization gap.

FIGURE l.—Compzrison of engine performance with sptmk timing mannalI~
controlled to maintain eonst~ut crank augle of umximum rate of pressure
rise 6r a!Id with spark timing automaticaRy controlled to maintain COD.

stant crank angle of passage of flame front at ionizs.tion gap, (l?aired
curves in figs, 1 (z) and 1 (b) are szme. Runs of fig. 1 (b) were conducted
with automatic spark-timing control set to give same spark timing at
fuel-air ratio of 0.085 m+WLS obtained in runs of fig. 1 (a). ) ~

RESULTS AND DISCUSSION

Data obtai]wd with spark timing manually controlled to
maintain const mlt various crank ang~es of maximum rate o f
pressure_rise are shown in figure 1 (a). Data obtaimd with
automatically controlled spark tinling to give constall( crank
angle of passage of the flame front by the ioniz:ltion gap are
shown in figure 1 (b). The curves of figures 1 [y) and 1 (b)

series of runs shows that 19r~s constwt when the crank angle
of passage of the flame f rent by the ionization gap is con-
stz]lt. This result shows th:tt z direct relation exists bet\vwli
t?, and t%une-.front tlavel.

The relation of inclimt ecl speci fic f uel consumpt ion to 8, for
various fuel-air ratios is shown in figure !2. (Datz were
extrapolated to include a f uel-nir ratio of 0.04. ) Lines of
constal~t spark timing are also shown. Obviously, slxwk

timing must be advancecl to ac.llieve the low indicaLvd specific
fuel consumption that are possible with wry leal} lllixLurw.
The datz show th~t, for any fuel-air ratio, nlaxinmm-
economy-spark timing occurs -when d~is 3° A. T. C. Because
the spark-timing-cent rol inst rument can mainta in 9, const }illt
at 3Q A. T. C.l the instrument can be usc?d to maintain nutu-
matically Illtlxill]lllll-ecollf) ]lly sp:irk timing whel~ engine
operating conditions are varied. This automatic control of
spark timing can be lwx.1 to adwl~tage in conducting fuel or
engine investigate ions.

Two engine operating variables tl~at have a great effwL OIL
spark timing for maximum f ueI economy zre ( 1) the degree
of clilution of the incoming charge by residual gases and
(2) the use of internal coolants such as water. T1wse vari-
ables -were not incIucled in tl~is investigation; however, dnta
in which the relation of exhaust pressure LOinlet-air I)tw-

sure was varied (reference 2) ancl unpublished data froln in-
vestigations with various water-f uel ratios show tlmt the re-
lation of lll:lxilllLllll-ecollollly spark timing to 19,of 3° A. ‘I’.C.
is unaffected by these two “variables. Dat J from reference 2
show that engine speecl? compression ratio, a]l(l inle[-ni r tem-
perature CIOnot idf~ct the relztion. Even wlLen opwat ing
with oJdy one spark plLIg firing the same relaLion exishd.

The percentage increase in fuel consLunpt ion }}’hell usill_g
constant spark timing or constant & compared with operatiml
at ~]~axilnL~]n-econonly spark timil]g (19,=30 ii. T, C.) is
shown in figure 3. ConstanL spark-tinling data S}lUWlarge
variations in percentage increase in fuel consumption owx
the minimum ohtainahle at each fuel-air ratio. Opwat ion
at constant d. results in an almost constxnt percentage in-
crease. For example, cluring operation with a 0, of
11° .& T. C., the a~rerzge percentage. increase in fuel ccm:
sumpt ion was about 2 percent (I;aries from 1.4 to 2.4 L]ercent )
over the range of fuel-air ratios.
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FIGURE 2.—Relation of indicated specific fuel eonsnmption to crank angle of mxriraum rate of pressure rise 8, for various fuel-air ratios and splrk timings.
tCross plot from fig. 1.)

The spark-timing cum-es in figure 2 show that the time
inter-d measured in degrees of crankshaft rotation between
the spzrk timing and 6, varied consiclerably. This -rariation
in time (fig. 4) indicates changes in rate of flame-f rent tra_reI
or rate of combustion because there is a direct reIation be-
tween 6, and flame-front location.

For each fuel-air ratio, a spark timing exists that gives the
maximum rate of combustion as indicated by the minimum
time from spark timing to &. The coincidence of this spmk
timing for maximum rate of combustion -with the maximum-
eeonomy spark t imirg (6, = 3° A. T. C.) for most of the range

.

of fuel-air ratios (0.06 to 0.10) is siaaificant. The combined
efiect of maximum rate of cornbustio~ and proper timing of
pressure rise appears to gi-i-em~ximurn fuel econo_my. These
resuIts are consistent with theory in that. maximum power
shoulcl resuIt with constant ~-olume burning xt top dead
center.

The aclvance of the mtiximum-economy spark timing for
Iean mixtures (below 0.06) beyond the spin-k timing for
minimum time from spark to 0, is probabIy due to slow
burning during initial stages of combust ion causecl by the low
degree of compression of the charge.

..-.
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0

Fuel -afr ratio

(8) COnstnat crank angle of maximum rate of pressure rise, 8,.

(b) Constant spark timing.

I?lwrm 3.—Percentlge increase in fuel consumption over that ohtainecl mith
maximum-economy sptrk timing when fuel-air ratio is ~aried with ~arious
spark timings and cwmk angles of maximum rate of pressure rise &. N-u.
mercial values iudieate spark timing, degrees B.T.C. (cross plot frum
fig-.2.)

APPLICATION OF RESULTS TO MULTICYLINDER-ENGINE
OPERATION

‘The method for Tutomatieally controlling the. spark timing
to maintain constant & as described for a singleqlincler
engine can be applied to multicylincler engines. Magneto-
striction knock pickups in the cylincler heads of & multi-
cylinder engine> for example, coLdc]be used not 011137 to in-
dicate when knock occtns but also to trigger an instrument
for automatically controlling 6,. Then lllaxim~ln~-ecol~o]n~~
spark timing coulcL be automat icaIly mint aid when the

Fuel-air ro.+io

lTIGUItE 4.—Tariation in crank rotation betwwu q,ark timing and time of
maximum rate of pressure rise with fueI-air rntio for constznt spark timing
and for, maximum.economy spark timing, (cross plot froltl fig. 2.)

fuel-air iatio or other engine operating conditions are wwicd.
Ii aclclition, the same illstrlll)lelltatioil could actuate a warn-
ing signaI to inclicate the occurrence of lJreignitioli.

SUMM.iRY OF RESL~LTS

The Mlowing results were obtail]ed fronl ex}wrimel~tal
clzta on a full-scaIe air-cooled cylinder ill iIle investigation
of the Eelatiom bet l~een lllaxillllllll-ecoll{>llly spark t iming,
flame-front travel, and cylillcler-17ress~lre rise:

1. 31axilllL1111-ecollornyspark timing occurred when the
crank angle of maximum rate of pressure rise was 30 A. T. C.

2. Maximum r%te of pressure rise mn(l the t~avel of the
flame front were clirectly relattid,

3. For fuel-air ratios between 0.06 nnd 0.10, the higlwsL
rate of flame travel occumecl when the mallk angle of IMlxi-
mum rate of pressilre rise was 3° A.T.C.

4. An instrument for controlling Sl)aI’li tinlillg was de-
veloped that, automat; calIy maintai wd ]ll:lxilll~llll-ceollol]ly
spark timing with varying engine ol)erat il~ conditions and
indicated the occurrence of preignition.

AIRCRAF.T ENGINE RESEARCH LABORATORY,

NTATIONAL ihTSORY COMMITTEE FOR Am(.msmws,

CLLWELAXD, OHIO, A’oz’ember W, ~.~~fi.
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APPEMMX

DESCRIPTION OF SPARK-TIMING-CONTROL LYSTRU3fEXT
—

The zutomnt ic spark-timing cent rol (fig. 5) consists of
two parts: Tl]e control nnit~ which conta-ins the trigger cir-
cuit and amplifier. ancl the ser~o unit, mhich contains the
magneto-breaker phtte clriven by a motor> x position trccrts-
mitter. and limit switches.

The breaker plate is remorecl from the magueto and nlount-
ed on a shaft. which is alinecl with the magneto carmhaft
but is not coupled to it. The shaft on which the brenker

-

plate is mounted is driven by a two-phase induction motor
through a -worm gear a-ncl wheeI with a reduction ratio of
100:1. The position transmitter is dri~eu cLirectly from
the motor shaft through a spur gear with an over-all reduc-
tion ratio of 6:1. An arm on the breaker-pIate shaft actu-
ates limit s-s-itches at both extremes of tra-reI of the breaker
pIate. The ser-m wuit is boltecl to the under side of the
maemeto mounting pacl,

FICrrm 5.—S @mk-timing-eanf-roI iustrnment

one phase of the motor is energized directly from a 110-
Tolt alternating-current Iine. The second phnse is energized
by the output of a standard commercial amplifier. -which
utilizes a -ribrator to con-rert a clirect-current input si.gnaI
to alternating current before amplification. A seIector switch
determines which of two a~ailable si=~als (manual or auto-
matic) is to be fed to the amplifier. Both input signals are
of tl]e order of 10 ndlivolts direct current. A fixecl %uck-

ing’” YoItage of the same order of magnitude! t]lat is. 11)
milli~~olts, opposes the input si~aI. When the il~put Q@
ecpmIs the bucking Yoltage, the amplifier out~)ut is zero;
therefore, the motor is at rest and the q-stem is at bahince.

MAnual controI of spark timing is achieved by varying the
manuaHy controlled bzttery voltage above or below the
Lmcli+ng-rolt age leveI until the clesirecl spark t inling is
reached.

541
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~utcnnatic c.outrol of spzrk timing is ttchieveclby means
of a thyrntron trigger circuit. The circuit (fig. 6) consists
essentittIIy of a.vacuum tube (6J5, trio.de) in a series yith a
thyratron (884). The thyratron is shunted with a 50,000-
olnn resistor, which completes the series circuit through the
triode when the thyrtttron is extinguishecl. In normcd op-
emtion the thyrztron is biasecl be]ow its firing point, During
the time of passage of the flame front, the iofiz~tion ~tp in
the combustion chamber brectks down ancl applies a positive
firing voltage on the grid of the thyratron allowing the thyra-
tron to conduct current. An engine-clriven s-witch set to close
momentarily at about 100° A. T. C, applies a llegy~tive im-
pulse to the gricl of the triocle driving ib to cut-off, which
breaks the circuit and extinguishes the thyratron. The
triode conc]ucts current m soon as the biasing witch opens
and the circuit returns to norrmd operation.

110Va.c

A

m
s,

Fw

Successive firing ctnd extinguishing of tile thyrd-ro~l pro-
duces a--squctre-wave volt:lge of constant amplit.tide ticross
a 10,000-ohm resistor in the cathode circuit of tl~e tl]yrai ron.
The length of time during which the thyratron conducts cur-
rent depends upon the. point at which it is fired by Lhe ioniza=
tion gap; therefore? the wiclth of the positive portion of tlm
cycle is a function of the positiol~ of the lnaxinlun] rate of
pressure rise. The clirect current that results from filtering
the direct-current square wa~e is the second of the t.wwsiguals
that may be fed into the amplifiers.

The input polarity and the direeticm of rotation of (hc
motor are such that as the ionization gap tends to break down
sooner, the spark is retarcled until the point of wximum
rate of pressure rise returns to its original position an(l [he
system is rebalanced. Conversely, m tile gap tends to break
clown later, the spark is adwnce(l ullt il balance is restored.

Limit switches so open the plate circuit of tlw prolwr ~mwer
output, tube of the amplifier that motor t rtivel in either direc-
tion is restricted but the motor can reTerse and trave~ ill tile
opposite clirection. These limit switches also col]trol wi,trn-
ing IigI]ts on the instr(lnlent pa ~lel. ‘he warning light, \VhMi
shows that the spark tin]ing is fuIly ret~~”rdwl~can be used
to inclim te preiginit iw of the ellgi]]e.

The functioning of the instrument as a preigllit ion i]~(lic~-
tor is possibIe because wlu+n preignition OCCLIL’Sth? crank
angle’ of maximLlnl rate of ~~ressllre rise ~r is Zdv:lllce(l WU-
siclerably ancl the spark timing no longer controls LIWLimo
of conlbustion. The instrumeilt for controlling tl~e. sp~rk
timing therefore acts to retard the sp:trk Rncl proceeds to Llw

m limit-of its travel. The reaching of his limit ;S indicatwd by
the wuming signal (a light marked “l)reignition” on the in-
strument. fhz. 5).

A, Commercial ampIifier with vibrator that converts direct-current input signal
to alternating current

G, Ionization gap in combustion chamber
1, Indicator (position transmitter)
M, Two-phase inducflon motor designed to operate with commercial amplifier
O, Terminals for oscilloscope ( used for testing oI~eration of instrument)

Switches

SI, Power to trunsformer
S1’, Grid basis voltage for thyratron (8S4), second circuit of double-poIe switch
Sz, Power to amplifier and motor
SS’, Bridge circuit, second circuit of double-pole switch
S3’, Power to indicator and S1’
S,’, Bridge circuit, second circuit of double-pole switch
S,, Selector for automatic or raanaal control of spark timing
S,, Engine-dri~en switch set to close momentarily at approximately 100”

A, T. C.
SO Limit switch for maximum sDarliadvance
S., Limit switch for minimum spark ad~ance (indicates occurrence of pre-

ignition)

FIG um 6.—Electric circuit for spark-timing-control instrument.

Spmk ‘til;in~ is shown on the inst rumcmt p:mel by the
position inclicatcw, which is electrically clriven by the. position
transmitter gewecl to the motor shaft.

Ori@lally the thyratrcm was to be triggered by the ouL-
put of a magnetostricticm-type knock pic.kilp; l~oi~ever, tl~is
rnethoci was not. used because it necessitated ~wc of an
additional amplifier. If the knock pickup were used, tho
instrument would be clirectly controlle{l lJy the. cmnk al)gle
of maximum rate of pressure rise.
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